We develop a methodology to model and interpret borehole dipole sonic anisotropy related to the effect of geological fractures using a forward modeling approach. We use a classical excess-compliance fracture model that relies on the orientation of the individual fractures, the compliances of the fractures, and the compliances of the host rock. We extract the orientation of individual fractures from borehole image log analysis. We validate the model using borehole resistivity image and sonic logs in a gas-sand reservoir over a 160-ft vertical interval of a well. We observe significant amounts of sonic anisotropy and numerous quasi-vertical fractures. The maximum horizontal stress direction, given by breakouts and drilling-induced fractures, is not aligned with the strike of natural fractures.
We develop a methodology to model and interpret borehole dipole sonic anisotropy related to the effect of geological fractures using a forward modeling approach. We use a classical excess-compliance fracture model that relies on the orientation of the individual fractures, the compliances of the fractures, and the compliances of the host rock. We extract the orientation of individual fractures from borehole image log analysis.
We validate the model using borehole resistivity image and sonic logs in a gas-sand reservoir over a 160-ft vertical interval of a well. We observe significant amounts of sonic anisotropy and numerous quasi-vertical fractures. The maximum horizontal stress direction, given by breakouts and drilling-induced fractures, is not aligned with the strike of natural fractures.
We show that using just two adjustable fracture compliance parameters, one for natural fractures and one for drilling-induced fractures, is an excellent first-order approximation to explain the fracture-induced anisotropy response. Given the presence of gas within the fractures, we assumed equal normal and tangential compliances. The two inverted normal compliances are Z . Predicted fast-shear azimuth matches measured fast-shear azimuth over 130 ft of the 160-ft studied interval. Predicted slowness anisotropy matches the overall variation and measured values of anisotropy for two of the three strong anisotropy zones. The medium is mostly a horizontal transverse isotropic medium (HTI) with small azimuthal variations of the symmetry axis. We also show that the measured sonic anisotropy is caused by the combination of stress and fracture effects where the predominance of one mechanism over the other is depth-dependent.
Introduction
The detection and characterization of natural fractures in the subsurface has a significant impact for the recovery in many hydrocarbon reservoirs. Surface seismic, borehole seismic, and borehole sonic techniques are commonly used to estimate effective anisotropic elastic properties. However, the interpretation of the measured anisotropy is often ambiguous due to different possible causes such as the intrinsic anisotropy of the rock, the presence of fractures, and the effect of nonequal principal stresses. Effective medium theories that are used to infer fracture properties from seismic or sonic data usually assume the cause of the anisotropy and a specific symmetry without necessarily taking into account the in situ geological complexity. In boreholes, the measurement of borehole images provide a very high-resolution (up to 5 mm) picture of the borehole wall subjected to in situ geological and geomechanical conditions. Here we address the problem of using geological fracture observations in boreholes to model and interpret fracture-induced dipole sonic anisotropy (Prioul et al. 2007 ). We apply a classical excess-compliance fracture model (Sayers and Kachanov 1995; Schoenberg and Sayers 1995) with only two adjustable parameters. Modeling results are compared with field data.
Fracture identification in boreholes
High resolution electrical or ultrasonic image logs are now routinely used for geological and geomechanical interpretations in boreholes. Image resolutions are typically of the order of 5 mm with a depth of investigation ranging from the borehole wall to several centimeters depending on the tool used. On the basis of the image morphology, different fracture types are discriminated and classified into natural fractures (e.g., open, partially healed, healed, lithologically bounded) and stress-induced fractures. Stressinduced fractures are due to the combination of far field nonequal principal stresses, near field stress concentration around the borehole and stress perturbation during drilling operation. Stress-induced fractures are generally classified using the mode of origin, shear and tensile failure modes, and the morphology (wide or narrow breakout, high-angle echelon, etc). The determination of the geometrical properties of the fractures includes the location and orientation of the ideal plane representation of the fractures (given as depth, z, dip angle, θ, and dip azimuth, φ). When systems of parallel natural fractures are observed, typical values of fracture intensity for very sparse sets are less than 0.75 m −1 , and for tight sets more than 10 m −1 .
Dipole sonic anisotropy in boreholes
Wireline sonic tools measure the dynamic elastic properties of the formation around the borehole using compressional and shear velocity measurements (Pistre et al. 2005) . From the azimuthal anisotropy analysis of crossdipole waveforms, fast-shear azimuths (ϕ F SA meas ) are calculated using a method such as Alford rotation (Esmersoy et al. 1994) , and fast-and slow-shear slownesses (DT s f ast meas and DT s slow meas ) are estimated from the zerofrequency limits of cross-dipole dispersions. Given a typi-Fracture-induced anisotropy in boreholes cal dipole sonic frequency of 1-5 kHz and shear slownesses of 100-800 µs/ft, the shear sonic wavelengths are on the order of 0.25 ft to 10 ft (0.08 to 3.05 m).
Application of the compliance fracture model
When several planar fractures of various orientations are present and identified on image logs, they increase the effective elastic compliance of the medium and, consequently, increase the wave slownesses (i.e., decrease the wave velocities). When the average fracture spacing is much smaller than the wavelength, effective-medium models can be applied. Sayers and Kachanov (1995) and Schoenberg and Sayers (1995) describe a simple displacement discontinuity method for including the effects of geologically realistic cracks and fractures on seismic propagation through rocks. They consider thin cracks of arbitrary shape and finite dimensions or sets of planar and parallel fractures for which the different cracks and fractures are noninteracting. The overall elastic compliance s ijkl is decomposed through a linear addition of the crack or fracture set compliances s f ijkl and the compliance of the host medium s h ijkl :
( 1) When the cracks or fractures possess elastic axial symmetry, the excess compliance s f ijkl to the host medium is written as
where δij is the Kronecker symbol, αij is a second-rank tensor, and β ijkl is a fourth-rank tensor.
For individual cracks embedded in a representative volume V , Sayers and Kachanov (1995) defines αij and β ijkl as
where For borehole sonic conditions, the elastic medium probed between the sonic transmitter and receivers (given by the tool geometry) defines the volume over which the longwavelength approximation must be satisfied. The compliances of the host rock s h ijkl and that of the fractures
and Z (r) N have to be specified. The compliances of the host medium s h ijkl are related to the elastic properties of the medium (i.e., sonic slownesses) without the fractures. They are unknown in the well, but, a practical starting point is to consider the host medium as isotropic. Then, the two isotropic elastic constants are defined at every depth by the measured compressional slowness from the monopole, the lowest of the shear slownesses from the dipole (called the fast-wave), and the density. In the case of a forward modeling problem, the normal Z Once the above parameters have been defined, fractures can be selected within a depth range corresponding to the transmitter-receiver position. Then, the solution of the Christoffel equation for arbitrary anisotropy is solved for the three modes of elastic wave propagation, one compressional qP -wave, and two shear qS 1 -and qS 2 -waves. Analysis of the azimuthal variation of shear-wave velocities in the plane orthogonal to the borehole provides the two properties commonly observed in sonic anisotropy: the fast-shear azimuth (ϕ 
Analysis of sonic and image log data
We analyze a vertical well from a tight sandstone gas reservoir (matrix porosity ∼10%) in the USA Rocky Mountains in which both resistivity image log and sonic log have been obtained over depths 9,600-10,300 ft (i.e., a 700-ft interval). All modes (monopole, dipole, and Stoneley) were recorded using 13 axial levels of eight azimuthal sensors each. The distance between the dipole transmitters and the 13 receivers varies between 9 and 15 ft for the upper dipole and 10-16 ft for the lower dipole (Pistre et al. 2005) . Fast-shear azimuth (ϕ 
Comparison of predicted and real data
The excess-compliance forward modeling described above has been applied over a 160-ft depth interval. Dipole shear wavelengths are on the order of ∼3 to 10 ft (owing to the presence of a fast formation and low frequencies of dipole shear), and the average fracture spacing is between 0.4 to 0.8 ft. Thus, the conditions of long-wavelength effective-medium are satisfied. Figure 1 ) reproduces the measured trend (continuous black curve) over 130 ft of the 160-ft studied interval, for zones z1, z2, z4, and z6, even though the measured azimuth shows up to 60
• variations within 20 ft. The match between the measurement and the prediction is better than 15
• in zones z2, z4, and z6, and better than 25
• for zone z1. There-
Fracture-induced anisotropy in boreholes
fore, for those zones, these results demonstrate that the observed fractures at the borehole wall are sufficient to explain the preferential direction of the sonic anisotropy measured within the borehole vicinity (3-6 borehole diameters, i.e., 2-4 feet deep here). However, for zones z 3 and z 5 , the measured and predicted fast-shear azimuth do not agree well in trend and value; mean deviations are greater than 25
• . These results were not surprising as there is little anisotropy in those two zones, so the medium is almost isotropic for which every direction is a possible fast-shear azimuth solution. −12 Pa −1 ), the slowness anisotropy is overestimated in several zones of small anisotropy (e.g. relative slowness error increase from 5% to 20% at depth 10,235 ft and from 10% to 25% at depth 10,155 ft).
Symmetries of the modeled anisotropic response
We also computed the relative distance between our computed elastic compliance tensor and the bestapproximating isotropic, TI, and orthorhombic (ORT) tensors following (Dellinger 2005) . Figure 3 shows that the medium is close to a transverse isotropic medium (see track 2 where the distance to the best TI tensor is only up to ∼5%). We also note that the minimum cross-energy line (track 1) is not zero when the distance to the best TI is not zero, i.e. when the medium has lower symmetries such as orthorhombic. The symmetry axis of the best TI medium (track 3) is horizontal with azimuthal variations consistent with the fast-shear azimuth, indicating that the medium is mostly a horizontal transverse isotropic medium (HTI). We also show the variations of the Thomsen's parameters over the interval (track 4).
Response from individual fracture types
Because the excess compliance tensor s f ijkl is a linear addition of the individual fracture sets, each fracture type contribution can be analyzed separately as an isolated one. The analysis of each independent fracture type showed that the anisotropy is mainly driven by open, lithologically bounded, or partially healed fractures, but also consistent with stress-related, drilling-induced fractures in zones of small anisotropy. Therefore, the measured sonic anisotropy is caused by a combination of stress and fracture effects.
Conclusions
We have developed a methodology to model and interpret borehole dipole sonic anisotropy related to the effect of geological fractures using a forward modeling approach. We used a classical excess-compliance fracture model that relies on the orientation of the individual fractures, the elastic properties of the host rock, and the normal and tangential fracture compliance parameters. We showed that using just two fracture compliance parameters, one for natural fractures and one for drilling-induced fractures, was an excellent first-order approximation to explain the fracture-induced anisotropy response over a depth interval of 130-ft in a gas field. We showed that the predicted fast-shear azimuths matched measured ones over 130-ft of the 160-ft studied interval, and the predicted slowness anisotropy matched the overall variation and measured values over most of the interval. Furthermore, we showed the robustness of the measured fast-shear azimuth obtained by the Alford rotation as a measurement of fracture-induced anisotropy. In addition, computation of the best isotropic, transversely isotropic, and orthorhombic approximations of the modeled tensors provides a powerful way to identify the best symmetry of the elastic medium. Finally, we demonstrated that the measured sonic anisotropy is caused by the combination of fracture and stress effects where the predominance of one mechanism over the other is depth-dependent.
